International Journal for Housing Science and Its Applications IIHSA
Publish August 3, 2025. Volume 46, Issue 3 Pages 286-295

https.//doi.org/10.70517/ijhsa46320

Optimization Methods and Design Strategies for Topological
Calculation of Spatial Structure of Landscape Architecture
Green Space System

Pu Qiu"?%

"Luoyang Planning and Architectural Design Institute Co., Ltd., Luoyang, Henan, 471000, China

28chool of Urban Design, Guilin University, Guilin, Guangxi, 541006, China

3 School of Tourism and Landscape Architecture, Guilin University of Technology, Guilin, Guangxi, 541006, China

Corresponding authors: (e-mail: jock106@163.com).

Abstract Landscape greening system plays an important role in promoting urban construction, improving ecological
environment and improving residents' quality of life. This paper introduces the complex network theory, constructs
a network model of landscape green space system, and takes the correlation, connectivity, robustness and basic
static statistical characteristics of the network as the indexes of landscape green space system to provide a method
for the topological analysis of the spatial structure of landscape green space system. Taking Ordos City, Inner
Mongolia, China, as the study area, the topological analysis of the spatial structure of landscape green space system
is carried out, and then in response to the optimization demand, a multi-objective optimization model for the layout
of urban parks is constructed based on the NSGA-II algorithm, which is used as the basis for the screening of
candidate points of landscape green space to be constructed under planning. Using the model of this paper to
optimize the spatial structure of Ordos City landscape garden green space system, most of its node degree,
important nodes and connectivity are improved significantly, and the number of network attack nodes reaches 300
after optimization, and the connectivity robustness is still around 0.2.

Index Terms complex network model, topology calculation, NSGA-II algorithm, landscape green space

. Introduction

Urban green space system is an important spatial guarantee to realize the coordinated development of urbanization
construction and urban habitat quality enhancement, which enhances the spatial environment of urban built-up
areas and at the same time, provides residents with space for rest and recreation and enjoyment of nature [1]-[3].
However, with the rapid development of urbanization, the continuous expansion of urban land has gradually eroded
the green space, and the rapid differentiation of urban society has also made the equity of green space services
increasingly prominent [4], [5]. Therefore, the planning process of the urban green space system has received more
and more attention, and the focus is not only limited to the quantity and scale of the green space itself, but also the
rationality of its spatial distribution, the convenience and fairness of its use by the residents have also become an
important issue facing urban planning [6]-[8].

When discussing the internal spatial structure of urban planning and its nodes, topological computational
optimization methods can be used to quantitatively analyze the social activities of urban residents [9], [10]. After
rationally studying the topological principle, human perception is integrated into the planning of urban landscape
green space system, not only studying the urban space, but also combining human activities with the spatial form
of the city, and this urban spatial profiling method can better combine with its deep-seated essential needs [11]-[14].
In conclusion, the topological calculation optimization method defines the method of spatial awareness as group
construction, and combined with spatial construction, it can better establish a complete spatial cognitive bridge and
promote the scientific and reasonable design of urban green space system [15]-[18].

In order to realize the topological analysis of the spatial structure of landscape green space system, this paper
combines the principle of complex network and builds up a complex network model. Through the complex network
model, the basic static statistical characteristics of the network such as degree and degree distribution, average
path length, clustering coefficient, etc. are calculated, the clustering coefficient distribution function is used to obtain
the distribution of clustering coefficients, the node mediator is used to reflect the importance of the ecological nodes,
the degree of connectivity of the complex network is defined, and the evaluation method of the structural robustness
is proposed. Selecting Ordos City, Inner Mongolia, China, as the study area, the topological analysis of the spatial
structure based on the complex network proves the demand and necessity of the optimization of the spatial structure
of the green space system of landscape gardens. Facing the optimization demand of the spatial structure of
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landscape green space system, a multi-objective optimization model of the spatial structure of landscape green
space system is constructed based on the NSGA-II algorithm, and the optimal layout of the park landscape green
space system planning satisfying the set of objective solutions is screened out. The model of this paper is used to
optimize the spatial structure of landscape green space system in Ordos City, and the performance and effect of
the optimization are discussed in terms of the network topology and robustness before and after the optimization.

ll. Topological analysis of the spatial structure of the landscape green space system
With the continuous expansion of urban green space and the gradual improvement of residents' requirements for
landscape quality, the construction of landscape garden green space system is an important guarantee for
maintaining urban ecological security during the construction and maintenance of urban green space plant
landscape. Landscape garden green space system has a complex structure in space, and there is a complex
relationship between each layer of landscape garden green space system. In this paper, we will utilize the complex
network theory to topologically analyze the spatial structure of landscape green space system with Ordos City, Inner
Mongolia, China, as a typical study area.

Il. A.Indicators for evaluating space structure
The connectivity and complexity of a landscape green space system can be evaluated through the network
measurement indexes of graph theory, and the structure analysis of the landscape green space system can
effectively explore the internal structure of the landscape green space system. ¢ index, g index, y index and
other network structure indexes are used to study the level of closure and connectivity of the hierarchical landscape
green space system. The o index is used to describe the degree of possible loops in the network, and the larger
the value indicates the smoother material circulation and circulation of the network: the B index refers to the average
number of connecting lines of each node in the network, which can measure the complexity of the network; the y
index reflects the degree of connectivity of the network, and the formula is:

o= [—v+1 (1)
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where: ; is the number of corridors; v is the number of nodes; ;4 is the length of the corridor.
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Il. B.Complex network modeling
Il. B.1) Basic static statistical characteristics of the network
1) Degree and degree distribution

In a landscape green space system, the degree of an ecological node is the number of corridors connected to
this ecological node, and the greater the degree of the node indicates the higher importance of this ecological node.
The greater the status of this ecological node in the landscape green space system. The average degree of the
network is an important indicator of the structure of a landscape green space system, and the average degree of
the network is the average of the degree of each ecological node in the network. The calculation formula is as
follows:

1 N
=—Yk 4
(k) Nzllk (4)

where, (k) represents the average degree of the network and N represents the number of nodes.

2) Average path length

After summing the number of edges on the shortest path of any two nodes in the network, the average value is
taken to get the average path length of the complex landscape green space system, and the formula is as follows:

t=1s_ .4 (5)
C

1<i<j<N™ij
N
In complex network theory, an algorithm for breadth-first search of time magnitude O(MN) is used to determine a
network containing N nodes and M edges [19].
3) Clustering coefficients [20].
In the hierarchical landscape green space system, two nodes connected to the unified ecological node are not

connected to each other, but there is a certain relationship between the two nodes, this property is called the
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clustering property of the network. The clustering coefficient ¢ is defined as the ratio between the number of edges
E. that actually exist between the  neighboring nodes of node v and the total number of possible edges C;,

which is calculated by the formula:

C ==t (6)

i 2

Cp
where E represents the number of actual ecological corridors connected between an ecological node and its
neighboring nodes. C,f represents the total number of possible edges connecting the ecological node to its

neighboring nodes.
The average clustering coefficient C is the average of all the ecological node clustering coefficients with the
formula:

1 N
c==>¢cC (7)
N2
The average clustering coefficients of complex landscape green space systems are 0 to 1.

Il. B.2) Relevance of landscape green space systems
1) Degree-degree correlation based on Pearson correlation coefficient [21]
The Pearson correlation coefficient , for the degree of a landscape green space system is calculated as:

2
M kik, —{M' > %(k,. + kj)}

. ik . (8)
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where k k. represents the degree of the two ecological individual nodes y and v,, respectively, connecting
ecological corridor ¢, ; M is the total number of ecological corridors in the network; and E is the set of all ecological

corridors.

2) Distribution of clustering coefficients and cluster-degree correlation

Similar to the concept of degree-degree correlation of the network, there exists a certain intrinsic connection
between the clustering coefficients and the degree of a landscape green space system, i.e., the cluster-degree
correlation. The relationship between local clustering coefficients C(k) and j is the main concern in the
calculation of cluster-degree correlation.

The number of nodes of landscape green space system is the number of ecological nodes passed by the shortest
ecological corridor path between any two ecological nodes in the landscape green space system, and the number
of ecological nodes can be used to reflect the importance of ecological nodes in the landscape green space system.
The median of ecological nodes B, is calculated by the formula:

B = lgl_%]SN[nﬂ (i)/n;] (9)

where 1, is the number of shortest ecological corridors between ecological nodes v, and v ; n,(i) is the
number of shortest ecological corridor paths between ecological nodes v, and y passing through ecological
node v, ;and N is the total number of ecological nodes in the green space system of landscape garden.

Il. B. 3) Connectivity of the landscape green space system
1) Kernel of landscape green space system

The kernel of a landscape green space system is the number of ecological nodes and their interconnected
ecological corridors with degree less than k that are continuously removed, and the number of ecological nodes in
the connected subgraphs eventually remaining is the kernel number. If an ecological node belongs to the k-nucleus,
but does not belong to the (k+1)-nucleus, the nucleus number of this ecological node is k, and the nucleus number
of this landscape green space system is also k. Through the analysis of the k-nucleus statistics, it is found that the
complex network gradually tends to the core of the region, and the more the nucleus is located in the center, the
stronger the connectivity is.

2) The connectivity of nodes
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The connectivity degree of the network nodes mainly reflects the degree of connectivity of the landscape green
space system. The connectivity degree k(G) of a connected complex network G is defined as:

min
K@) = ' AIS|.0(G=8)220r G-S is a trivial graph} (10)
NS

where V is a combination of ecological nodes of the landscape green space system G; S is a true subset of V; and
(G -S8) is the number of connected branches of the subgraph obtained by deleting the set of ecological nodes S
from the landscape green space system G.

Il. B.4) Robustness of landscaped green space systems
After the spatial structure of a landscape green space system has been damaged, the ability of a potential landscape
green space system to recover is the recovery robustness. The formula for structural robustness is:
R=—C (1)
(N-N,)
where N represents the number of ecological nodes in the initial potential landscape green space system; N_

represents the number of nodes removed from the landscape green space system; ¢ represents the number of sub-
networks with the highest number of ecological nodes in the sub-networks in the hierarchical landscape green space
system when the nodes are removed. For ecological nodes and ecological corridors, the formulas for restoration

robustness are respectively:
D-1- [M} (12)
N

EZI_[M} (13)
M

where D represents the node recovery robustness metric; E represents the edge recovery robustness metric; N,

represents the number of nodes recovered by some strategy; M represents the number of edges in the initial network:
M, represents the number of edges removed from the network; A7, represents the number of edges recovered

by some strategy.

Il. C.Topological analysis of spatial structures based on complex networks
In this section, the complex network model will be used as a research method to topologically analyze the spatial
structure of landscape green space system.

Il. C. 1) Basic static structure analysis

The interconnection between each landscape green space relies on the ecological node, which is in a key position
in the landscape green space system. Considering ecological corridors as edges connecting nodes in the landscape
green space system, and then combining the complex network, the degree of landscape green space system is
introduced to characterize the number of corridors connecting an ecological node. The larger the degree value, the
more ecological corridors connecting the node, the higher the accessibility and the greater the importance of the
node. The degree distribution of the landscape green space system is shown in Figure 1.

22

Number of nodes

Degree

Figure 1: Degree distribution
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The average degree of the network is of great significance to the ecological network structure, which can visualize
the interrelationship between nodes. In this paper, a total of 53 ecological nodes are identified, and the average
degree of the network is 2.949, which indicates that there is a connectivity relationship between one node and three
other nodes in the ecological network. As can be seen from the figure, there are two nodes with degree O in the
ecological network, which means that these two ecological nodes are in an isolated state, and the whole landscape
green space system is not a completely connected state. There are three nodes with degree 1 in the network,
accounting for 5.66% of the total ecological nodes, 18 nodes with degree 2, accounting for 34% of the total nodes,
and the largest number of nodes with degree 3, 22 nodes, accounting for 41.51% of the total nodes. The maximum
value of degree for the whole network is 5 with 5 nodes.
Il. C.2) Node Importance Analysis
The edges of a complex network mainly refer to the connection relationship between ecological nodes, so this
section will focus on the importance of nodes using the centrality of node median of landscape green space system.
Node median is the proportion of the shortest path through a node to the shortest path in the whole network. In the
complex network, there exists a kind of node degree value is low, but it connects two important patches, if the point
is removed, the overall connectivity of the landscape green space system will be sharply reduced, so this kind of
node is also equally important, so the node meso-centrality is equally important relative to the node degree value
in the study. The distribution of the node meson number of the landscape garden green space system is shown in
Fig. 2. As can be seen from the figure, the node degree value of the whole landscape garden green space system
is generally low. Among the 53 ecological nodes, there are 24 ecological nodes lower than 50, accounting for almost
1/2 of the total number of nodes, and the highest ecological node median is 485, only one, indicating that most of
the nodes in the landscape garden green space system are of low importance, and the network is more
heterogeneous.
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Figure 2: Distribution of node betweenness

Il. C. 3) Clustering coefficient analysis

The clustering coefficient indicates the degree of aggregation among ecological nodes. In practice, the possibility
of establishing this organizational relationship between nodes is greater than the probability of setting up one of its
arbitrary relationships, and this interrelationship can be quantitatively expressed by the clustering coefficient, and
the higher the clustering coefficient is, the more frequent the connection between nodes in its neighborhood is. The
article uses Gephi software to calculate that the average clustering coefficient of landscape green space system is
0.112, and this lower clustering coefficient also indicates that landscape green space system has no small world
characteristics. The distribution of clustering coefficient is shown in Figure 3\. As can be seen in the figure, there are
more nodes with a clustering coefficient of 0 in the landscape green space system, amounting to 32 nodes,
accounting for 60.4% of the total number of nodes, and they have no clustering characteristics and are more
obviously dispersed. Secondly, nodes with a clustering coefficient of 0.45 accounted for 10 nodes, and nodes with
a clustering coefficient of 1 accounted for only 6 nodes. The large difference in the values of the clustering
coefficients indicates that the heterogeneity of the landscape green space system is strong, and the distribution of
nodes and corridors is relatively dense in some areas, while it is sparse in some regions, and this kind of landscape
green space system tends to have a low robustness when it is subject to malicious attacks, and the spatial structure
of the landscape green space system needs to be optimized further, to reduce the heterogeneity of the network,
and to promote the landscape green space system's landscape Circulation.
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Figure 3: Clustering coefficient

lll. Multi-objective optimization model for the spatial structure of the green space system
in landscape gardens

In the previous chapter, this paper analyzed the spatial structure of landscape green space system topologically

through complex network theory. The topological structure analysis shows that the nodes of the landscape garden

green space system have lower importance and aggregation, and at the same time, they all show more obvious

heterogeneity, the distribution of important nodes is less, and the degree value, median value and clustering

coefficient of the ecological nodes are generally lower, which need to be further optimized.

In this chapter, NSGA-II algorithm will be introduced, on the basis of which a multi-objective optimization model
of the spatial structure of landscape green space system will be constructed, and the optimal layout of the spatial
structure planning of landscape green space system that satisfies the objective solution set will be screened out, so
as to optimize the spatial structure of landscape green space system [22].

lll. A. Screening of Candidate Sites for Planning of Landscape Green Space to be Constructed
Landscape garden green space is to supplement the inadequacy of the current layout of urban park green space
and maximize the social justice of park green space. With reference to the green space system planning, combined
with the satellite image map for field investigation and research, the planned urban parks and squares, as well as
the subsidiary green spaces and protective green spaces that are free of safety hazards and have the potential to
provide residents with recreational and open space, are selected as candidates for scenic garden green spaces.

As a basic component of urban ecosystem and an important space for providing on-site interaction activities, the
selection of the optimal location of the landscape green space shall follow:

1) Social justice: everyone can enjoy the services provided by the park green space, and the service level of the
park green space is appropriately inclined to the disadvantaged groups.

2) Spatial accessibility: the total weighted level of park green space accessibility is the highest, and the use
efficiency of park green space is maximized.

3) Economy of construction: It is required to control the cost and reasonably construct the park green space under
the premise of meeting the first two points.

lll. B. Construction of multi-objective optimization model for urban park layout
Based on the theoretical study of social justice and the characteristics of green space selection in landscape
gardens, the multi-objective decision-making model and objective function are proposed as follows:

max availability = ZZXI Dlj Ylj (14)
j=1 i=1
maxfpﬂpzzzpj.xf'ij'Kj (15)
i=l j=I
max f,,, = >, > P, X, DY, K, (16)

i=1 k=1

u S
_ i Y
max accessibility Z n A Y’f (1 7)

Th D,

J=1
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min f,,,, = > S, x X, (18)
i=1

Eq. (14) represents maximizing the availability of the selected landscaped green space; Eq. (15) represents
maximizing the population served by the selected residential area; Eq. (16) represents maximizing the population
served by the selected low-income residential area; Eq. (17) represents maximizing the accessibility of the selected
landscaped green space; and Eq. (18) represents minimizing the area of the selected landscaped green space.

IV. Analysis of the effect of optimizing the spatial structure of the green space system in
landscape gardens
In this chapter, the multi-objective optimization model of the spatial structure of landscape green space system
proposed in this paper will be used to optimize the spatial structure of landscape green space system in Ordos City.
This paper will analyze the optimization effect of the landscape garden green space system in Ordos City from
the aspects of network topology and robustness before and after optimization, taking the spatial center of mass of
the ecological source and the weak ecological nodes together as the nodes of the complex ecological network, and
the ecological corridors as the edges of the complex ecological network, and expressing them with the adjacency
matrix.

IV. A. Comparative analysis of network topologies

IV.A.1) Nodality

Before and after the optimization, the degree distribution of the landscape green space system is specifically shown
in Fig. E Figs. (a) and (b) correspond to the pre-optimization and post-optimization, respectively. From the figure,
we can see that before and after the optimization of the network do not exist nodes with degree 0, the degree
distribution are also more obvious power law distribution characteristics, but after the optimization of the network
has a slight Poisson distribution characteristics, which indicates that after the optimization of the network
scalelessness characteristics are still stronger than the uniformity characteristics but the degree of mitigation. The
nodes with degree 1 and 2 are reduced, and the degree of the highest number of nodes increases from 2 to 4, and
the maximum value of the degree is 72, which indicates that most of the nodes' degree is improved, and the network
connectivity is increased.
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Figure 4: Node degree

IV. A. 2) Number of nodes

The node mediator number of the landscape green space system before and after optimization is specifically shown
in Fig. 5, Figs. (a) and (b) correspond to the pre-optimization and post-optimization, respectively. In the pre-
optimization network, 77.78% of the nodes have a median of 0, except for the median of the 54th patch, which is
1419, and the rest of the nodes have a median of less than 150; while after optimization, the nodes with a median
of 0 accounted for only 55.56% of the network, the nodes with a median of more than 150 accounted for 21.64% of
the total number of nodes, and there are 14 with a median of more than 1,000, and the largest number of medians
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was in the 54th patch, which was 3,986, showing that more important nodes in the network after optimization, the
importance increases and the network is more stable.
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(a) Before optimization (b) After optimization

Figure 5: Node betweenness

IV. A. 3) Connectivity

The change of connectivity of the landscape green space system is specifically shown in Fig. @ and Figs. (a) and
(b) correspond to pre-optimization and post-optimization, respectively. The connectivity of 83.04% of the ecological
nodes in the pre-optimization network is lower than 10, and the rest of the nodes have connectivity between 25 and
28; while only 64.04% of the nodes in the post-optimization network have connectivity lower than 25, and the rest
of the nodes have connectivity higher than 35, with the highest of 106, which indicates that the connectivity of the
network is significantly enhanced after optimization, and the ecological flow of the network is far more unimpeded
than that of the pre-optimization.
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Figure 6: Connectedness

IV. B. Comparative Robustness Analysis

We use two strategies, malicious and random, to attack the landscape system before and after optimization, and
analyze the change of the robustness of the system's network connection with the increase of the attack strength.
The robustness of the landscape green space system before and after optimization is shown in Fig. 7, with Figs. (a)
and (b) corresponding to pre-optimization and post-optimization, respectively. The results show that the initial
connectivity robustness of the network is only 0.97 before optimization and increases to 1 after optimization,
indicating that the network structure is stable and the connectivity is strong after optimization. As the attack size
increases, the connectivity of the network decreases rapidly, but in general, random attacks are better than malicious
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attacks, and the optimized network is in a better situation. Under malicious attacks, the pre-optimization network
has already experienced the phenomenon of “emergence” when the network removes to the second node, and the
connectivity robustness of the network decreases sharply to 0.45, while it decreases to 0.89 after optimization. The
connection robustness of the pre-optimization network drops to 0.2 when the number of removed nodes increases
to 14, while the post-optimization network attacks 178 nodes. The connection robustness is almost completely lost
when 159 nodes are removed for the pre-optimization network and 199 nodes are removed for the post-optimization
network. Under random attacks, the connection robustness of the pre-optimization network plummets to 0.48 when
24 nodes are removed, while the network connectivity is still fully recovered when the post-optimization network is
attacked up to 20 nodes. The connection robustness decreases to below 0.1 when the number of nodes removed
from the pre-optimization network reaches 156, and the connection robustness remains around 0.2 when the
number of nodes attacked by the post-optimization network reaches 300. It shows that the optimized landscape

ecological network has a very substantial improvement in connectivity and stability because of the increase in
corridors and node degree.
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Figure 7: Robustness
V. Conclusion

Based on the complex network model, this paper proposes a topological analysis method for the spatial structure
of landscape green space system. Ordos City, Inner Mongolia, China, is taken as the study area, and the topological
analysis of the spatial structure of its landscape green space system is carried out. In the basic static structure, the
average degree of the network of the landscape green space system is 2.949, and there are two ecological nodes
with degree 0 and in an isolated state, and the number of nodes with degree 2 and 3 is the largest, with 18 and 22
nodes, accounting for 34% and 41.51% of the total nodes, respectively. The whole landscape green space system
is in a state that is not completely connected. The node median value of the whole landscape green space system
is generally low, and the average clustering coefficient is a low 0.112, and the values of the clustering coefficients
differ greatly, showing strong heterogeneity. Comprehensive topological analysis results show that the spatial
structure of the landscape green space system still needs to be further optimized.
Aiming at the optimization demand of the spatial structure of landscape green space system, this paper constructs
a multi-objective optimization model of the spatial structure of landscape green space system based on NSGA-II
algorithm, which provides ideas for the optimization of the spatial structure of landscape green space system. Using
the spatial structure multi-objective optimization model in this paper, the landscape green space system in Ordos
City is optimized, and its optimization effect is discussed from the aspects of network topology and robustness
before and after optimization. In terms of network topology, the nodes with degrees 1 and 2 decrease and the degree
of the highest number of nodes increases from 2 to 4, and the network connectivity increases. After optimization,
only 55.56% of the nodes with the number of intermediaries of the network are 0, which is lower than the percentage
of 77.78% before optimization, and the number of important nodes in the network increases after optimization, the
importance increases, and the network is more stable. Compared with 83.04% of the ecological nodes with
connectivity below 10 before optimization, 64.04% of the nodes in the landscape green space system after
optimization have connectivity below 25, while the rest of the nodes have connectivity higher than 35, which is
significantly enhanced, and the ecological flow of the network is far more smooth than before optimization. In terms
of robustness, the initial connectivity robustness of the landscape green space system is only 0.97 before
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optimization, and it grows to 1 after optimization, with enhanced connectivity. In the face of malicious attacks, the
network before and after optimization almost completely loses its connectivity robustness when 159 nodes are
removed and 199 nodes are removed, respectively. The network connectivity robustness before optimization drops
sharply to 0.48 when 24 nodes are removed, while the network connectivity is still fully recovered when the number
of attacking nodes of the network is within 20 after optimization. Obviously, the multi-objective optimization model
of spatial structure of landscape green space system proposed in this paper can effectively optimize the spatial
structure of landscape green space system and enhance the connectivity and stability of landscape green space

system.
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